The hexavalent chromium, Cr(VI), which is generated in the electroplating process, is toxic to most organisms and potentially harmful to human health. The method generally used for remediation of wastewater containing Cr(VI) employs chemicals with high toxicity. This work proposes an alternative technology for the treatment of these wastewaters, based on photochemical reduction of Cr(VI) by alcohols under radiation, which is environmentally sustainable and economically viable. Initially, a batch reactor in laboratory scale was used to determine the best experimental conditions and its specific reaction rate was calculated. Based on these results, a tubular reactor (artificial radiation and sunlight) was designed and built in semi-pilot scale. Tests were carried out with real wastewater from an electroplating industry containing Cr(VI). Tests conducted under sunlight showed a higher total Cr(VI) reduction than the tests with artificial radiation. The remediation of Cr(VI) from wastewater was 86.7% after 6 h of reaction under sunlight, indicating the high efficiency of the developed process.
INTRODUCTION
The presence of heavy metals in water bodies has been known to cause pollution problems. The major source of heavy metals in these bodies is the improper discharge of various industrial wastewaters. One of these heavy metals, hexavalent chromium, is toxic to most organisms, mutagenic and carcinogenic to animals, causing corrosion and irritation to human skin (Mohapatra et al. ; Das et al. ) . The potential sources of chromium include leather tanning, electroplating, paints, dyes, photographic materials, electronic processes, metallurgy and mining (Schrank et al. ; Mohapatra et al. ; Chakrabarti et al. ) .
Galvanizing is the process of coating the surface of an object, usually a metal, with other metals in order to confer specific characteristics such as color, gloss, hardness and resistance to corrosion. This process involves a sequence of baths to perform pretreatment, plating and surface conversion, which are alternated by washing. As a result, the electroplating industry is characterized by excessive consumption of water and energy, and the generation of wastewater containing heavy metals (Ladeira & Pereira ) .
Wastewater contaminated with hexavalent chromium has an orange color and an acid pH. Reduction with sodium sulfite or metabisulfite is a conventional method of treating hexavalent chromium in wastewater. Besides requiring excess chemicals to ensure complete conversion of Cr(VI), the formation of sludge or the release of sulfur dioxide are major problems associated with this method (Chakrabarti et al. ) .
Faced with this reality, our research group has been working to develop an environmentally sustainable alternative technology for the treatment of wastewater containing Cr(VI). Initially, experiments of photocatalytic reduction of Cr(VI) under UV radiation using titanium dioxide (TiO 2 ) and zinc oxide (ZnO) as catalysts were carried out. The TiO 2 catalyst was more efficient than the ZnO catalyst. Subsequently, tests of photochemical reduction of Cr(VI) with ethanol under UV and visible radiation were carried out. The photochemical reaction showed greater Cr(VI) reductions under UV radiation. In addition, experiments of photocatalytic reduction of Cr(VI) with TiO 2 in the presence of ethanol under UV radiation were carried out, which showed high Cr(VI) reductions. Based on the results obtained in these tests, we concluded that the most suitable process for industrial application is photochemistry with ethanol under UV radiation. Although it does not present the highest Cr(VI) reduction, it does not require catalyst separation processes and presents lower reagent costs, since ethanol is inexpensive, non-toxic and easy to purchase (Machado et al. ) .
As a result, we are working with a photochemical reduction reaction of Cr(VI) with ethanol, under UV radiation, in an acid medium, in order to build a reactor in semi-pilot scale and enable its application in the remediation of Cr(VI) found in the wastewater of electroplating industries. Initial studies were conducted in a batch reactor (0.15 L), before arriving at the semi-pilot scale. It was necessary to study the reaction behavior in an intermediate scale (2.8 L), so we designed and built a spiral shaped reactor (SSR), which allowed us to determine the optimal operating conditions through a design of experiments (Machado et al. ) .
The reactors that have been employed in wastewater decontamination can be classified according to the type of radiation used, i.e. artificial radiation (mercury vapor lamps, fluorescent, LED, etc.) or solar radiation, and as to how the wastewater circulates through the reactor, i.e. stirred vessel, current film or tubular. Among these, the solar tubular reactors have proven to be the most promising for application in the treatment of industrial wastewater, due to its configuration, treatment capacity and use of sunlight as a source of photons (Malato et al. ; Duarte et al. ; Pereira et al. ) .
In the present work, details will be presented on the design and construction of a tubular reactor (TR, artificial radiation and sunlight) in semi-pilot scale to be used in the photochemical reduction of Cr(VI) found in the wastewater of electroplating industries.
MATERIALS AND METHODS

Materials
Preliminary tests were carried out with potassium dichromate solutions (Fmaia, used as received) in distilled and deionized water (synthetic Cr(VI) solutions). The reactions were performed with absolute ethyl alcohol (Nuclear) and the pH was adjusted with sulfuric acid (Anidrol). Untreated wastewater containing Cr(VI) was collected directly from a storage tank in an electroplating plant. Information about the real wastewater is presented in Table 1 . The Rhodamine B dye was used in tests to determine the residence time distribution.
Analytical methods
Absorbance measurements of samples containing Cr(VI) were taken in a UV-vis spectrophotometer (Varian Cary 100). Cr(VI) samples presented an absorption range between 315-400 nm with a maximum absorbance at a wavelength of 348 nm, which is in agreement with the literature (Mohapatra et al. ; Das et al. ; Nasrallah et al. ) . In addition, the incident radiation on the tubular reactor (artificial radiation and sunlight) was measured using a radiometer (Cole-Parmer Instruments Co.) with a sensing range between 354-376 nm, with center calibration at 365 nm.
Tubular reactor (artificial radiation and sunlight)
A tubular reactor (artificial radiation and sunlight) was designed and built in semi-pilot scale and can be seen in Figure 1 . The reactor's structure was made of galvanized steel and was divided into three levels with a total size of: height 1.60 m, length 1.80 m and depth 1.50 m.
The bottom level is fixed and was used as support for a centrifugal pump, storage tank, valve and hoses. The central part can be tilted at different angles. On this level, 10 borosilicate glass tubes (1.50 m length and 30 mm diameter) were placed and connected in a series, resulting in a total volume of 11 L. The top level, which can be removed (sunlight), served as support for 16 mercury vapor lamps (Osram HQL 125 W) evenly distributed and positioned vertically in the reactor (artificial radiation).
The reactor is equipped with a storage tank with a maximum capacity of 20 L to treat the solution. A centrifugal pump Visograf with 27 W power and pumping capacity of 25 L min À1 was used to continuously feed the reactor. The volumetric flow rate was controlled by a Conaut rotameter with flow rates between 0.83 and 8.3 L min À1 , and a valve was connected between the pump and the rotameter. The medium temperature of the reaction was monitored by a K-type thermocouple, which was connected to a digital display and immersed in the solution in the storage tank. The liquid samples were collected through a syringe-catheter system located in the storage tank.
Description of photochemical reduction of Cr(VI) experiments
Experiments with synthetic solutions or real wastewater were carried out under artificial radiation or sunlight. When tests were conducted under sunlight, the reactor top (supporting the mercury vapor lamps) was removed and the central part (borosilicate glass tubes) was adjusted to an angle of 30 W , which is equivalent to the latitude of the city of Porto Alegre, so as to ensure better use of incident radiation.
Experiments with synthetic Cr(VI) solution
At the beginning of the reaction, distilled water was added to the storage tank in order to fill the pipes, centrifugal pump and borosilicate glass tubes. Then the pump was turned on, the volumetric flow rate of the reactor was adjusted and the pump remained on for 30 min. During this time, the Cr(VI) solution was prepared in a 1,000 mL volumetric flask and the solution concentration was calculated in order to obtain the desired initial Cr(VI) concentration of 20 mg L À1 for the reaction. Subsequently, the synthetic solution was added into the storage tank and 30 min were waited. After 20 min, the initial pH of the solution was adjusted with sulfuric acid (pH ¼ 2.0). Then a previously measured ethanol volume was added to the storage tank so as to obtain a known alcohol amount (5.0% v/v) and 5 min were waited. After this, a sample of the solution was collected and the lamps were connected, initiating the photochemical reduction reaction of Cr(VI). The reactions occurred in 1 h and the progress of the photochemical reduction reaction of Cr(VI) was monitored by collecting samples at fixed intervals (0, 5, 15, 30, 45 and 60 min). Subsequently, the samples were analyzed using a UV-vis spectrophotometer by measuring absorbance at a wavelength of 348 nm.
It is important to enlighten that the initial Cr(VI) concentration, the initial pH of the solution and the alcohol amount were established from the design of experiments, which were presented and discussed elsewhere (Machado et al. ) .
Experiments with real wastewater
Real wastewater containing hexavalent chromium (1,100 mg L À1 ) was used to conduct tests under the best operating conditions for the tubular reactor (previously determined using the synthetic solution). In these tests, the wastewater was added to the storage tank together with a known ethanol volume. Subsequently, the pump was turned on and the volumetric flow rate of the reactor was adjusted. After 15 min, a sample of the solution was collected, the pH was measured and the lamps were connected, initiating the reaction. These reactions occurred in 6 h and samples were collected at fixed intervals (0, 15, 30, 60, 120, 180, 240, 300 and 360 min) , which were subsequently diluted and analyzed.
RESULTS AND DISCUSSION
Solar tubular reactor design
The tubular reactor was designed based on the hypotheses described below. (a) It was assumed that the mechanism of the photochemical reduction of Cr(VI) by alcohols is as described by Mytych et al. () . This mechanism (Equations (1)-(5)) consists of two-electron reduction of Cr(VI) giving rise to an aldehyde or ketone and a Cr(IV) species. The formation of the Cr(VI) ester is mostly assumed as a necessary condition for redox or photoredox reactions. Therefore, Equation (2) is considered slow stage being used for the calculation of the reaction rate.
and/or
The best conditions to carry out the photochemical reduction reaction of Cr (VI) are those determined by Machado et al. () : initial Cr(VI) concentration of 20 mg L À1 , initial pH of 2.0, ethanol amount equal to 5.0% (v/v) and temperature of 30 W C. Under these conditions, the reaction is pseudo-first-order with respect to total hexavalent chromium concentration (HCrO 4 À and ROCrO 3 À species), C Cr , and it presented an experimental specific reaction rate, k exp , of 0.056 min À1 . (c) The rate law also depends on the photons concentration in the reactor, C p , which is constant due to the continuous irradiation medium. This concentration can be calculated knowing the UV irradiation intensity (I, W m À2 ), the irradiated surface area (A i , m 2 ) and the irradiated volume (V i , L) of the batch reactor. Thus, being k the specific reaction rate:
So, for a batch reactor:
where N Cr is the number of chromium moles present in the reactor and r Cr is the chemical reaction rate, mol L À1 min À1 , calculated based on the irradiated volume, V i . In addition, considering the reaction occurs in liquid phase and V is the volume occupied by the reaction mixture:
As the photons' concentration, specific reaction rate, volume occupied by the reaction mixture and irradiated volume are constant, then:
So, Àr Cr ¼ k exp C Cr representing a pseudo-first-order kinetics with respect to total hexavalent chromium concentration.
The irradiated volume fraction of the batch reactor was determined experimentally. For this, a radiometer was positioned under the glass reactor and increasing amounts of solution were added. It was observed that, although the irradiation intensity decreases with the liquid height, there is still incidence of photons in the reactor bottom, so V
Consequently, the specific reaction rate expected for the tubular reactor would be calculated by:
where C p T is the photons' concentration in the tubular reactor. (d) The irradiated surface area is equal to the lateral area of the glass tubes, so a tube diameter of 30 mm was considered appropriate for the tubular reactor design, since the tests with the batch reactor showed that this liquid height allows complete irradiation of the reactor volume. The electroplating industry (partner of this research group) generates approximately 21 L per day of wastewater, and thus the tubular reactor will be designed to operate with recycle. (e) In order to estimate C pT , the solar irradiation intensity in Porto Alegre was measured and found to be approximately 9 W m À2 . Thus, for a plug-flow reactor (PFR), considering an irradiated volume of 1 L and a diameter of 30 mm, the irradiated surface area (cylinder lateral area) will be 0.13 m 2 , C p T ¼ 2:1 × 10 À4 ein L À1 min À1 and k T ¼ 0:030 min À1 . (f) Tubular reactor design equation, considering a pseudofirst-order kinetics and a constant volumetric flow rate:
where V is the irradiated volume of the tubular reactor, υ o is the volumetric flow rate, x is the fraction converted to Cr(VI) and τ is the space time. Therefore, the space time should be 77 min to 90% conversion. The experimental conditions allowed volumetric flow rates between 0.83 and 8.3 L min À1 , whereas the most accurate central value was 4 L min À1 , and the calculated total volume of the reactor was 308 L (number of passes × volume of each pass). Considering the available space, the standard size of the borosilicate glass tubes available in the market and other conveniences, the tubular reactor was constructed with 10 tubes of 1.50 m length each, connected in a series, resulting in a volume of 11 L per pass.
Preliminary tests
In order to define the best operating conditions of the tubular reactor, experiments were carried out with different volumetric flow rates and numbers of mercury vapor lamps (UV irradiation intensity). In these tests, a synthetic solution was used and the initial Cr(VI) concentration (20 mg L À1 ), the initial pH of the solution (2.0), the alcohol amount (5.0% v/v) and temperature (30 W C ± 5 W C) were kept constant. These parameters were established from the design of experiments, which were presented and discussed in other works (Machado et al. , ) . Additionally, tests were conducted to determine the reactor macromixing.
Analysis of the reactor macromixing
The tubular reactor flow was analyzed using a tracer injected by pulse (rhodamine B dye). The results showed that the reactor presented similar behavior to that of a PFR for volumetric flow rates equal to or greater than 6.7 L min À1 (mean residence time of approximately 2 min). Below this volumetric flow rate, several deviations from the ideal flow were observed, such as the formation of air bubbles, stagnant regions, etc.
Determination of volumetric flow rate
The relationship between the volumetric flow rate and the photochemical reduction of Cr(VI) was studied (1.7, 3.3, 5.0, 6.7, 8.3 L min À1 ), and the reduction achieved after 1 h of operation was chosen as the response. The results are shown in Figure 2 . Other parameters such as temperature, irradiation intensity, ethanol volume, chromium concentration and pH were kept constant in all these experiments.
It can be observed in Figure 2 that as the volumetric flow rate increases, the total Cr(VI) reduction increases up to a volumetric flow rate of 5.0 L min À1 . Beyond this value, the total Cr(VI) reduction becomes constant at approximately 64.5%. Thus, the standard volumetric flow rate for the reactor was 6.7 L min À1 . These results are compatible with the analysis of the reactor macromixing, and the ideal behavior deviations are responsible for the lower reduction levels obtained at lower volumetric flow rates.
Influence of UV irradiation intensity
The reactor was illuminated with an increasing quantity of lamps, consequently increasing irradiation. The mean values obtained for incident UV radiation on the reactor and photochemical reduction of Cr(VI) achieved after 1 h of reaction with different amounts of lamps are shown in Figure 3 .
As can be seen, the greater the photon amount supplied to the system, the higher the total Cr(VI) reduction with a tendency to form a plateau. Similar behaviors have been reported in the literature (Ku & Jung ; Chakrabarti Figure 2 | Effect of the volumetric flow rate on total Cr(VI) reduction (C Cr(VI) ¼ 20 mg L À1 ,
That is, there is an irradiation intensity (I lim ) for which the increased photon amount supplied to the system will not be accompanied by an increase in Cr(VI) reduction.
In the tubular reactor, I lim was not achieved due to limitations of the experimental apparatus. However, tests carried out in a batch reactor showed that I lim is achieved when the ratio of molar concentration of photons and the initial molar concentration of Cr(VI) (C p =C Cr 0 ) is equal to or greater than 36. For a UV irradiation intensity equal to 7.2 W m À2 (16 lamps), a total Cr(VI) reduction of 75.9% and (C p =C Cr 0 ) ¼ 13, which is less than I lim , was observed.
Tests with synthetic solution under sunlight
Experiments under sunlight were performed using the synthetic solution. These reactions occurred in 4 h under the following experimental conditions: initial Cr(VI) concentration of 20 mg L À1 , initial pH of the solution equal to 2.0, ethanol volume equal to 5.0% (v/v), room temperature (30 W C ± 5 W C), volumetric flow rate equal to 6.7 L min À1 .
The irradiation intensity of sunlight was determined using a digital radiometer and it was measured hourly during the experiment, at different points of the reactor. UV radiation was considered the average of the measured values. Results are presented in Table 2 . It is observed in Table 2 that at 1 h of reaction there is a total Cr(VI) reduction of 87.3%. This was greater than the reduction obtained from the tests with artificial radiation (75.9%). The reason is the higher UV irradiation intensity from sunlight. Furthermore, it is observed that the total Cr(VI) reduction becomes practically constant after 2 h of reaction, reaching a maximum of 96.5% reduction after 4 h of reaction.
Tests with real wastewater
Tests were performed using real wastewater from the electroplating industry containing hexavalent chromium. These reactions occurred in 6 h under the following experimental conditions: initial Cr(VI) concentration of 1,100 mg L À1 , initial pH of the solution equal to 2.2, ethanol volume equal to 40% (v/v), room temperature (30 W C ± 5 W C), volumetric flow rate equal to 6.7 L min À1 . These experiments were carried out under artificial radiation and under sunlight. Results are presented in Figure 4 . Figure 4 indicates a total Cr(VI) reduction of 56.1% and 86.7% for reactions under artificial radiation and sunlight, respectively. The total Cr(VI) reduction was higher for the tests conducted under sunlight, which is compatible with the results obtained with the synthetic Cr(VI) solution, previously presented. Thus, the solar tubular reactor, which was designed and built, was effective when applied to real wastewater from the electroplating industry. Other solar tubular 
). 
where Δc is the change of concentration in the time interval Δt, V represents the reaction volume, J 0 is the flux of photons, and A is the irradiated surface area. Table 3 shows that the TR is more efficient than the SSR, which is more efficient than the batch reactor, supporting the industrial application of the TR. Additionally, the tubular reactor presented similar efficiency when used with either lamps or sunlight, enabling its use in both forms. However, the energy consumption of the tubular reactor used with lamps is 5.07 kWh m À3 , while the solar tubular reactor consumption is only 0.07 kWh m À3 (centrifugal pump). Therefore, the use of a solar tubular reactor minimizes the amount of electricity required for the reaction, which not only reduces process costs, but also makes the technology more environmentally sustainable.
CONCLUSION
A tubular reactor (artificial radiation and sunlight) was designed and built in semi-pilot scale, and its application in treating wastewater from electroplating industries containing Cr(VI) was studied. The results obtained showed that the tubular reactor presented similar behavior to a PFR. In addition, tests conducted under sunlight showed a higher total Cr(VI) reduction than the tests with artificial radiation, using both synthetic Cr(VI) solution and real wastewater. The remediation of Cr(VI) present in the wastewater of electroplating industries was 86.7% at 6 h of reaction under sunlight. The calculation of the photon efficiency showed that the TR is more efficient than the SSR, which is more efficient than the batch reactor. Thus, the tubular reactor, which was designed and built, was effective when applied to the treatment of real wastewater containing Cr(VI), using a photochemical reduction process. Furthermore, the use of a solar tubular reactor minimizes the electricity requirements, making it an environmentally sustainable technology. Photonic efficiency 1.4% 2.5% 5.6% 5.5% a Experimental conditions: initial Cr(VI) concentration of 20 mg L À1 , initial pH of the solution equal to 2.0, ethanol volume equal to 5.0% (v/v) and room temperature (30 W C ± 5 W C). b Average radiation measured in the reaction time interval (1 hour).
